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Abstract

In this study, the pre-analysis is performed for the liquid metal natural circulation
experiment. The natural circulation is the advantage of a liquid metal reactor as the reactor
safety. We will use the low melting eutetic metal alloy instead of the lead-bismuth coolant of
a liquid metal reactor to prove the natural circulation potential of liquid metal. In the pre-
analysis, the first principle calculation and CFX 4.2 code were used. In the large pipe
diameter, the natural circulation experiment can be performed widely and safely. Therefore,

we determine that the pipe diameter in the test loop is 10 cm.

1. Introduction

A liquid meta reactor (LMR), named PEACER (Proliferation-resistant, Environmental-friendly,
Accident-tolerant, Continuable-energy, Economical Reactor) is being designed at the Seoul National
University with the metallic U-Pu-Th fuel and the lead-bismuth (Pb-Bi) coolant[1]. PEACER consists
of the primary liquid loop and the steam producing secondary loop. First-principle calculations were
performed to analyze the natura circulation heat remova from the core of an LMR. The Pb-Bi
coolant has low chemica activities with air or water. The steam generating system can directly be
coupled to primary liquid metal system without intermediate heat exchangers.

In fast reactors, the decay heat is generally removed by the forced convection of the coolant by the
pumps. If the pumps are tripped, buoyancy driven flows play an important role. Natura circulation
can provide the mechanism for transferring heat away from the core region up to the cooler parts of
the primary loop. So, the natural circulation potential is a key characteristic of the LMR design. Under
natural circulation conditions, the liquid metal flow is driven by buoyancy. The eevation between the

thermal centers of the core and the steam generators corresponds to the buoyancy pressure head. The



decay heat fraction that can be removed by the natural circulation due to the distance between thermal
centers and the temperatures difference was determined. The elevation difference of 4.5m between the
thermal centers of the core and the steam generator was shown to remove as much as 10% of the
thermal reactor power. Note that the decay heat level is below 10% at shutdown.

The natura circulation heat remova capability of the liquid metd is to be evaluated in this
experiment. We will use the low temperature (70 ) melting eutectic metal aloy instead of Pb-Bi in a
scaled down test loop. Table 1 compares the materia properties of Pb-Bi [2] and the low temperature
melting eutectic metal aloy[3].

2. Model Description

2.1 First Principle Calculation

As pre-analysis for the experiment we calculated the required input power to the heating section
given the velocity of the eutectic metal alloy flow in pipes with four different diameters. In this
analysis, the calculation condition is one-dimensional, steady-state, single-phase flow[4]. Results
from the analysis are obtained as functions of the Re number, heat flux on the surface of heating
section, the power of the heater, the temperature difference between the hot and cold regions with four
different pipe diameters, respectively. Figure 1 presents the noding scheme diagram for the pre-
analysis. The nodes were divided into the inlet and outlet of the heating section, cooling section, four
elbows and the piping.

The pressure difference between the nodes consists of the friction between the wall and the fluid,

the acceleration, and the form loss as;
Dpi,j = q)f + ng + Dpa + Dpform (1)

In more detail, the pressure differencesbetween the two nodes are determined as:
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The density in each node is defined as:
r.=r_, fori=18~12
(14)

r.=r, fori=2~7

Utilizing the density in equation (14), the summation of equations (2) to (13) yields the following

equation:
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Equation (15) is the governing equation for the natura circulation. It demonstrates that under
natural circulation condition, the flow is driven entirdy by the balance between the buoyancy-



generated pressure head and the pressure drop from friction and form loss. If there is no difference in
density between the hot leg and the cold leg, equation (15) may be ssimplified as:
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The density dependence on temperature can be assumed to vary linearly pursuant to the Boussinesq
approximation. The difference is thus defined as.
r.-r,=r.bDT 17

The difference in temperature between the hot leg and the cold leg consists of the mass flux, pipe
diameter, heater power, heat flux and heated area as

PO o7 =Q =a®D(h, - h) a8

The material properties of the eutectic metal aloy used in this study are summarized in Table 1.

G

The friction factor is defined as follows, while K, [5] is summarized in Table 2.

f =64/Re, for Rey £ 2300 (19)
0.184Re”*  for Rep >2300

2.2 Code AnalysisUsing CFX 4.2

Pre-analysis was also conducted for the liquid metal natural circulation using CFX4.2, which is a
three-dimensiona thermal-hydraulic analysis code. Results of the code analysis were compared with
those of the firgt principle calculation wit a view to appreciating the natural circulation capability of
the selected low temperature melting metal. Figure 2 shows the three-dimensional, cylindrical model
to compute the distribution of flow temperature, pressure, velocity, etc. The liquid meta circulates
through the cylindrical pipe driven by the temperature difference between the heat source and the heat
sink. In the modeling, the heat flux of the heat source is 28 kW/n¥.

3. Results and Discussion

3.1 First Principle Calculation

Figures 3 to 7 illustrate results from equations (16), (17) and (18). Figure 3 presents the Re number
given the velocity for different pipe diameters. As the diameter of the pipe gets larger, the minimum



velocity of the region of turbulence decreases. The diameter of the pipe must be large for the natural
circulation flow to be turbulent.

Figure 4 shows the density difference with differing pipe diameters. The maximum density
difference is 0.0025 kg/n?. Density of the eutectic metal aloy is large enough to assume that the
density in the cold leg is equd to the dendity in the hot leg. In addition, the small diameter of the pipe
renders the difference in dengity between the hot leg and the cold leg large given the flow velocity.

Figure 5 shows the temperature difference between the hot leg and the cold leg. The smaller pipe
produces larger temperature difference given the flow veocity. This is because the smaller pipe
decreases the mass flow rate given the flow velocity. The result is consistent with that in Figure 3.
Because the low temperature melting eutectic metal alloy used in this experiment is burnable over
150°C, the diameter of the pipe must be large enough to cover the wide velocity range of this
experiment.

Figure 6 shows the average heat flux of the heated section with different diameters. The larger the
pipe diameter, the larger the heat flux. Therefore, the temperature of the surface in the heated section
may be higher than 150°C. Because the small pipe will tend to increase the temperature difference
given the flow velocity as shown Figure 5, partid burning of the low temperature melting eutectic
meta aloy must be allowed in the large pipe.

Figure 7 presents the heater power in the heated section. The heater power in the small pipe is
smaller than that in the large pipe. This shows that the heat removal is more effective in the large pipe
given the flow velocity.

We thus decided to adopt the pipe diameter of 10 cm based on the computed results. In this
experiment, the maximum natural circulation velocity will be about 3.5 cm/s according to the pre-
anaysis.

3.2 Code Analysis Using CFX 4.2

Using the CFX 4.2 code, the analysis was performed under the same geometrical condition asin the
experiment to be conducted. Especialy, we assumed that the average heat flux of the heat sourceis 28
kKW/n?. The steady turbulent three-dimensional basic equations for buoyancy flow and heat transfer
are solved using the SIMPLEC agorithm and the body-fitted grid at the rectangular coordinates [6],
(71, [8].

Figure 8 (a) proves that the velocity of 2.2 cm/s approximately approaches the average inner



velocity, which is smaller than that of first principle calculation method including the elbow effect.
But the velocity of CFX 4.2 is similar to that of first principle calculation method including the
screwed elbow effect. The form loss by the elbow effect in CFX 4.2 is larger than that in the first
principle caculation. In case of the elbow effect, the surface velocity at the inner wall is larger than
the average velocity at the inner wall as shown in Fig. 8 (b).

Figure 9 (a) shows the temperature distribution at the outer surface. We know that the temperature
is partidly very high at the low-left heat source of the whole system. The temperature difference
between the hot region and the cold region is about 7.4 K. This result is also similar to 7.0 K of the
first principle calculation method with the elbow effect. The inner wall temperature increases because
the velocity increases at the inner wall by the elbow effect. Figure 9 (b) shows the velocities profile at
the whole inner system. Because the flow temperature of the lower heat source at the wall is high, the
velocity at the wall is large as shown in Fig 9 (b). The flow distribution in the hot region becomes
fully developed in the turbulent region as the liquid metal flows into the adiabatic pipes. But the flow
temperature distribution in the cold region decreases at the wall and the liquid metal flow velocity at
the wall decreases againgt the hot region

4. Conclusion

We performed a pre-analysis for a natura circulation heat transfer experiment with a low
temperature melting metal coolant. Materia properties of the coolant are similar to those for Pb-Bi,
which has a good naturd circulation capability. Under natural circulation conditions, the flow is
driven by the buoyancy. The eevation between the thermal centers of the heat source and the heat
sink corresponds to the buoyancy pressure head. The natural circulation can remove the generated
heat. Both the first principle model and CFX 4.2 yielded the consistent conclusion that the elevation
difference between the thermal centers is the governing parameter. The large pipe diameter makes the
experiments be performed as the wide range. So, we determine that the pipe diameter in the test loop
is10 cm.

A one-dimensiona flow loop model was developed to analyze the state of a natura circulation
condition. Along the primary coolant path we solved the steady state momentum equation and energy
equation a a one-dimensiona lumped node. The flow loop shows the smple and explicit results of
natural circulation heat removal. The low temperature melting metal coolant has a good natura
circulation potential and only the condenser can remove the generated hest.
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Table 1. Comparison of material thermophysical properties

Melting point [ ] 125 70
Density [kg/n7] 10240 9383.2
Volumetric thermal expansion coefficient [K™] 2.2 10° 2.2 10°
Thermal conductivity [W/mK] 119 18.9
Specific heat [JkgK] 146.4 1675
Kinematic viscosity [n/s] 1.5 10° 2 10°
Pr 0.019 0.013

Table 2 Resistance coefficientsfor 90° regular flanged elbows
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Fig. 1 Flow loop nodalization
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Fig. 2 CFX 4.2 analysis model
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